Abstract A major research question for reef scientists is whether the accelerating rate of environmental change associated with global warming will exceed the capacity of coral species to adapt. While many authors claim that the genetic capacity of corals is exhausted, estimates of phenotypic variation and heritability in traits associated with thermal tolerance are rare. Here, we estimate vari ation in critical thermal maxima (CTmax) in two coral species: Porites cylindrica and Stylophora pistillata. We then use published estimates of generation times and per generation evolutionary rates to explore the capacity of these species to adapt to rising sea surface temperatures (SST). We estimate that between two and 7 decades will be required for these species to increase CTmax by 1.5℃.
Introduction
Coral reefs are critically important for the ecosystem goods and services they provide to maritime tropical and subtropical nations. Globally, nearly a quarter of the world's population lives within 100 km of the coast, many of whom are dependent on the many goods and services provided by coral reefs (Moberg and Folke 1999 ). Yet reefs are in serious decline; an estimated 30% are already severely damaged, and projected increases in carbon dioxide and temperature over the next 50 years exceed the conditions under which coral reefs have flourished over the past half million years (Hughes et al. 2003) . Coral bleaching episodes, where high coral mortality is caused by sea surface temperature anomalies associated with global warming, are a major cause of this demise (Knowl ton 2001, Hughes et al. 2003) . A major research question for reef scientists is whether the accelerating rate of environmental change associated with global warming will exceed the capacity of coral species to evolve (Shep pard 2003 , Donner et al. 2005 .
The predictions of the imminent demise of coral reefs are based on assumptions that remain largely untested (Maynard et al. 2008 (Baird et al. 2008; Maynard et al. 2008a ).
Without such data, it is not possible to assess whether the evolutionary response has been exhausted. Conceivably, mortality rates may be declining even though the spatial scale and frequency of bleaching is increasing (Baird et al. 2008 ). Furthermore, geographic variation in coral bleach ing thresholds provides circumstantial evidence for ongo ing evolution of temperature tolerance (Coles and Brown 2003; Hughes et al. 2003) . In addition, the varied response among individual colonies within local populations also suggests considerable genetic variation at this scale (Ed munds 1994; Baird and Marshall 2002) .
Similarly, it is often stated that the generation times of corals are too long to allow rapid adaptation to changing climate (HoeghGuldberg et al. 2007; Csaszar et al. 2010 ).
The concept of evolutionary stasis in corals was first proposed as an explanation for the low diversity of the order Scleractinia in comparison to many other reef taxa (Potts 1984) . Many features of coral life histories such as extended lifespans and delayed maturation should result in long generation times (Hughes et al. 1992) . In species with these traits, generation times are between 3337 years (Babcock 1991) . However, other corals, in particular those species most susceptible to thermal stress, such as many species of Acropora and Pocillopora, mature early, grow rapidly, and suffer whole colony mortality, as op posed to colony fission, following mechanical disturbances (Madin and Connolly 2006) and thermal stress (Baird and Marshall 2002) . The life histories of these ecologically important and abundant species suggest an as yet unde fined and under-appreciated capacity to evolve to rapidly changing environments (Baird et al. 2009 ). Recently, Donner (2009) previously published studies on evolution during direc tional environmental change (Skelly et al. 2007 ). This es timate of heritability is similar to recent empirical esti mates of broad sense heritability in coral traits (Csaszar et al. 2010) . Estimates of generation times were firstly taken from the recent literature (Carpenter et al. 2008 ) and secondly based on a minimum generation time determined from estimates of the age at first reproduction in these species (S. pistillata 2 years; P, cylindrica 4 years). These minimum generation times are based on the fact that in a population with a stable age structure the generation time will approach the age at first reproduction (Stearrns 1992).
Results

Phenotypic standard deviation in CT(max)
The difference in mean CT(max) between the species was significant (t62＝9.749; p＜0.001). No signs of stress were observed in control nubbins throughout the experi ment. The first incidence of mortality in Stylophora pistillata occurred after one hour at 36℃ and all nubbins were dead by the end of an hour at 38℃. The mean CT(max) for S. pistillata was 37.1℃ with a standard deviation of 0.44℃ (Fig. 1) . In contrast, no mortality was recorded among Porites cylindrica nubbins until after one hour at 38℃ and some nubbins survived until the end of an hour at 41℃. The mean CT(max) for P. cylindrica was 39.1℃
with a standard deviation of 1.08℃ (Fig. 1) .
Interestingly, there was a significant difference in CT(max) between color morphs of P. cylindrica (t30＝−4.005; p＜0.001; Fig. 2) . Nubbins of the green color morph had a CT(max) 1.25℃ greater than brown color morph. However, the standard deviation of CT(max) was similar in each morph (green stdev＝0.814; brown stdev＝0.946). Indeed, 11 of the first 12 nubbins to die were brown.
Rates of evolution in CT(max)
Using an evolutionary rate of 0.255 haldanes and a standard deviation in CT(max) for P. cylindrica of 1.08 gives a 0.275℃ increase in CT(max) per generation or 1.5℃ in crease in 5.5 generations ( Table 1) . Estimates of generation times in P. cylindrica range from four to 10 years indi cating potential rates of evolution in CT(max) of 1.5℃ will require between 22 and 55 years (Table 1) .
Using an evolutionary rate of 0.255 haldanes and a standard deviation in CT(max) for S. pistillata determined experimentally of 0.44 gives a 0.112℃ increase in CT(max) Fig. 1 Critical thermal maxima in ℃ in Porites cyclindrica and Stylophora pistillata per generation or a 1.5℃ change in 13.3 generation (Table   1) . Estimates of generation times in S. pistillata range from two to five years, suggesting potential rates of evolution in CT(max) of 1.5℃ will require between 27 and 67 years (Table 1 ).
Discussions
Predicted rates of evolution in CT(max) in both species are within the range required to cope with projected increase in mean SST of 1℃ every 20 years (Donner et al. 2005 ).
Specifically, we calculated that a 1.5℃ change in CT(max) would take between two to 6 decades in Porites cylindrica and three to 7 decades in Stylophora pistillata. While these calculations suggest that these species can adjust to changing climate, it is important to note that many of the assumptions underlying the calculations require further research to confirm their validity. In particular, few es- Barrier Reef was significantly lower than that predicted by their response in 1998 suggesting some shift in phe Skelly et al. (2007) . b＝minimum generation times based on estimates of age at first reproduction. c＝generation times as listed in Carpenter et al. (2008) . These are essentially consensus guesstimates based on the experience of the authors because no empirical estimates are available notype of traits associated with thermal tolerance (May nard et al. 2008b ). Similarly, rates of bleaching induces mortality appear to be declining in the Eastern Pacific following repeated bleaching in these assemblages (Baker et al. 2008) . More direct estimates of the rate of change of phenotypes should be available by testing for differences in CT(max) in population affected by repeated bleaching episodes.
Interestingly, there were distinct difference in CT(max) between the two color morphs of P. cylindrica. Similar differences in bleaching susceptibility among color morphs in Isopora palifera were attributed to difference in the abundance of photoprotective fluorescent pigments (Salih et al. 2000) . Similarly, the Caribbean branching coral Porites astreoides has brown and green color morphs which differ in their susceptibility to UV radiation, pos sibly due to differences in the concentrations of the UV absorbing mycosporine like amino acid asterina330 (Gleason 1993) . Intra-specific differences in susceptibility to bleaching in Acropora millepora (Berkelmans and van Oppen 2006; Jones et al. 2008) and Pocillopora verrucosa (Baker et al. 2004) have been attributed to different types of symbionts hosted by colonies. Clearly, the cause of the difference among the color morphs in P. cylindrica re quires further investigation. Such intra-specific phenotype polymorphism might act to increase the overall variation in a trait, thus providing more fodder for natural selection.
However, in this case the standard deviation in CT(max) is similar in both color morphs and consequently the stand ard deviation in CT(max) within the species is largely unaf fected.
The degree of phenotypic variation was to some extent correlated with life history. In particular, variation in CT(max) in P cylindrica was 2.5 times greater than in S. pistillata (Table 1) whereas the generation time was half that of S. pistillata (Table 1) . Further research is required on more species to determine whether this relationship holds for corals in general.
In conclusion, our estimates of the potential rates of evolution of traits relevant to thermal tolerance suggest that corals may indeed have sufficient genetic diversity within populations to enable them to cope to projected increases in SST associated with global warming. Future research should concentrate on both empirical estimate of heritability of traits associated with thermal tolerance and estimating the generation time of coral species. Stearns SC (1992) 
